Observations were made on eight normotensive subjects and on 12 patients with essential hypertension to determine whether the intrarenal distribution of blood flow is altered in essential hypertension. Dye-dilution curves were recorded across the renal vascular bed and a set of integral transformations, developed by Gomez, was used to determine distribution of blood flow per unit renal blood volume across the renal vascular bed from dye-dilution curves. Observations also were made on two hypertensives and two normotensives during administration of norepinephrine. 
RENAL blood flow is reduced relative to functional tubular mass in essential hypertension,' but whether this represents a primary alteration in renal hemodynamics rather than a manifestation of the kidney's participation in the generalized vasoconstriction which characterizes essential hypertension is not known. Reasoning it has been postulated that renal ischemia secondary to arteriolar sclerosis might play a role in the pathogenesis of essential hypertension.2 That renal ischemia in essential hypertension might be focal in nature is suggested by certain anatomic and functional features of the kidney in this disease. Renal arteriolar sclerosis is patchy in distribution,3 and tubular atrophy, which has been attributed to ischemia, is irregularly distributed throughout the renal parenchyma. 4 Further, our previous demonstration of disparities in renal hemodynamics and in excretion of salt and water between the separate kidneys5 suggests that the hemodynamic alterations within the kidney might not be uniform in essential hypertension.
In the present study an attempt has been made to determine whether there is an alCirculation, Volnme XXXV, Pebruary 1967 DISTRIBUTION OF INTRARENAL BLOOD FLOW teration in the intrarenal distribution of blood flow in essential hypertension. Since clearance techniques describe the blood flow of the kidney as a whole and do not provide information regarding blood flow through individual nephrons, we have utilized dye-dilution curves recorded across the renal vascular bed6 in order to compare the distribution of intrarenal blood flow in normotensive subjects and patients with essential hypertension. The distribution of blood flow per unit renal blood volume across the renal vascular bed has been inferred from the frequency distribution of transit times which make up the dye-dilution curve by applying a set of integral transformations developed by Gomez.7 Methods
Observations have been made in eight normotensive subjects and in 12 patients with essential hypertension selected from the wards of the New York University Medical Division of Bellevue Hospital. The normotensive subjects ranged in age from 29 to 39 years; all had blood pressures below 140/90 mm Hg and were considered to be free of cardiovascular or renal disease. Nine patients with essential hypertension had glomerular filtration rates in excess of 90 ml/min and were free of proteinuria; they ranged in age from 25 to 53 years (table 1) . Three hypertensive patients with advanced nephrosclerosis (J.C., B.J., and C.L.) and decreased filtration rate and TmPAH are considered separately (table 2) .
All subjects were maintained on a regular ward flow was, in every instance, unimodal. Representative distribution curves for all normotensive subjects and the nine patients with essential hypertension are shown in figure 3 figure  4 where the curves representing the means of the normotensives and the hypertensive subjects are replotted with equal half width and coincident maximal amplitude.
The functional renal blood volume was comparable in the two groups; in normotensives, 36.7 + 10.9 ml and in hypertensives, 37.7 + 6.9 ml. The average renal blood volume in a group of 12 hypertensives reported by Cohen and Gombos was 47.4 + 3.6 ml."1 As- suming an average kidney weight of 150 grams, the ratio of functional renal blood volume to kidney mass in our subjects would calculate to be approximately 24 ml/ 100 g kidney, a value which is comparable to that published by Chinard'2 and Lillienfeld'3 and their associates concerning the dog.
Each of the three patients with advanced nephrosclerosis was found to have reduction in mean specific blood flow; in two, these values were different from the mean value of the patients with essential hypertension by more than 2 standard deviations. Despite the marked reduction in specific blood flow, the distribution of specific blood flows in these patients did not differ from that found in normotensive subjects (table 2) .
Administration of norepinephrine to two normotensive and two hypertensive subjects decreased the mean specific blood flow to values ranging from 55% to 83% of control values. No significant change occurred in the form of the distribution curve of X, or in renal blood volume (table 3) .
In order to determine how the form of the indicator-dilution curve and the frequency distribution of specific blood flow would be affected by a known alteration in the distribution of intrarenal blood flow, acetylcholine was infused into a branch of the renal artery to induce increased perfusion of a portion of the kidney. In studies carried out in our laboratory, acetylcholine has resulted in increased renal blood flow and specific blood flow, an effect which persists for 10 to 20 minutes after perfusion is terminated. The perfusion of a segment of the kidney was reflected by a modest increase in renal plasma flow as determined from PAH clearance for the whole kidney (from 205 ml/min to 262 ml/min). A distinct alteration in the indicator-dilution curve recorded across the renal vascular bed was observed (fig. 5) ; the distribution of specific blood was skewed to the right and a bimodal distribution of intrarenal specific blood flows resulted. Qdye exceeded QPAH by more than 20% in seven of the 10 patients in whom the comparison could be made. This was probably attributable to loss of dye into the aorta during rapid injection.* Shaldon and associates,14 utilizing a constant infusion of dye, rather than a single rapid injection reported better agreement than ours between the dye-dilution technique and the clearance method for measurements of renal blood flow.
Discussion
We have found that the distribution of specific blood flow in the kidney of patients with essential hypertension is comparable to that in normal subjects despite a reduction in mean specific blood flow. Failure to demonstrate alteration in the distribution of specific blood flow in the patients with essential hypertension indicates that focal reductions in renal blood flow were not present. Focal ischemia, that is, reduced blood flow through some vascular channels would be expected to produce skewing of the distribution curve in the direction of lower specific blood flow.
The presence of completely obliterated channels in a random distribution would yield an unaltered distribution curve of specific blood flow in the remaining nephrons, but would not be consistent with our finding of essentially normal glomerular filtration rates and renal blood volumes in the hypertensive subjects. Loss of vascular channels with preponderantly higher or lower specific blood flow would result in distortion of the distribution curve as well as reduction in functional renal blood volume. Our present finding is in accord with the studies of Smith and co-workers15 in which the distribution of blood flows per unit of tubular excretory capacity was unaltered in a group of hypertensive subjects in whom the intrarenal distribution of blood flow was inferred from consideration of the titration curve of excretion of iodopyracet (Diodrast).
*Whereas loss of dye results in a spuriously high value for flow (Qdye), it does not affect the measurement of the distribution of specific blood flow.
Circulation, Volume XXXV, February 1967 Although the pathological abnormalities in the kidney would suggest focal ischemia, our data indicate that the distribution of blood flow is not altered in essential hypertension. While the present technique would have revealed an alteration in the distribution of specific blood flow if the reduced renal blood flow were attributable in toto to focal ischemia, it is possible that there might be some abnormality in intrarenal blood flow beyond the resolution of the present technique. Alteration in the distribution of specific blood flow, albeit of physiological significance, might not be detected if flow were reduced focally in sufficiently small numbers of channels. Further, it is possible that focal reduction in specific blood flow resulting from structural alterations within the renal vascular bed which might be detectable by our present method was masked by the predominant effect of superimposed arteriolar constriction.
Significant reduction in mean specific blood flow was observed in the subjects with essential hypertension. The hemodynamic pattern of reduction in mean specific blood flow, unaltered distribution of specific blood flow, Comparison of dye-dilution and clearance methods for measurement of renal blood flow. tion in renal blood flow which occurred during the course of the experimental procedure in some of the normotensive subjects provide additional indirect evidence that arteriolar constriction may result in uniform reduction in specific blood flow. Although dye curves were not recorded before the reduction in blood flow, the distribution curves, as subsequently recorded, showed no distortion. As blood flow decreased to the same extent in both kidneys during the course of the study without a fall in systemic blood pressure, we infer that renal arteriolar constriction had occurred.
Conclusions
The distribution of specific blood flow through the kidney was compared in eight normotensive subjects and in 12 patients with essential hypertension. From the demonstration of reduced specific blood flow, unaltered distribution of specific blood flow, and normal functional renal blood volume, it is concluded that blood flow is reduced uniformly throughout the renal vascular bed in essential hypertension.
Although we attribute the reduction in specific blood flow to arteriolar vasconstriction, it cannot be concluded that arteriolar resistance is necessarily increased uniformly, since postglomerular hemodynamics may also affect renal resistance and the distribution of intrarenal blood flow.
